In a wide class of new physics models, there exist scalar fields that obtain vacuum expectation values of high energy scales. We study the possibility that the standard model Higgs field has experienced first order phase transition at the high energy scale due to the couplings with these scalar fields. We estimate the amount of gravitational waves produced by the phase transition, and discuss observational consequences.
I. INTRODUCTION
Detection of gravitational waves (GWs) is one of the most promising tools to probe the early Universe. Possible cosmological sources for GWs include inflationary quantum fluctuations [1] , cosmic strings [2] , and phase transitions [3, 4] . In particular, if a first order phase transition occurs in the early Universe, the dynamics of bubble collision [5] [6] [7] [8] [9] and subsequent turbulence of the plasma [10] are expected to generate GWs. These might be within a sensitivity of future space interferometer experiments such as eLISA [11] , Big Bang Observer (BBO) [12] and DECi-hertz Interferometer Observatory (DECIGO) [13] or even ground-based detectors such as Advanced LIGO [14] , KAGRA [15] and VIRGO [16] .
In this paper we focus on GWs from the first order phase transition associated with the spontaneous symmetry breaking of the standard model Higgs boson. The properties of the phase transition of the Higgs field have long been studied in the literature both perturbatively [17] [18] [19] [20] and nonperturbatively [21] [22] [23] [24] [25] [26] [27] [28] and it was found that the first order phase transition within the standard model does not occur unless the Higgs boson mass is smaller than ∼ 80 GeV.
However, new physics beyond the standard model may greatly change the situation. For example, in singlet extensions of the standard model, the new singlet scalar changes the Higgs potential at the origin and it may induce strong first order phase transitions. Actually in a wide class of new physics models, there exists a scalar field φ NP that obtains a vacuum expectation value of the new physics scale v NP . One of the well-known examples is the Peccei-Quinn scalar field [29] , which solves the strong charge parity problem elegantly and obtains a vacuum expectation value v NP ∼ 10 10 GeV [30] . In general, if there exists a scalar field φ NP , the quartic coupling term λ 2 |φ NP | 2 |H| 2 , where H is the standard model Higgs field, exists. It is natural for the coupling λ to be nonzero since any symmetry does not forbid this quartic coupling term.
In this paper, we take into account this quartic coupling between the scalar field φ NP and the standard model Higgs field H, and study the cosmological consequences, especially GW production. When the temperature of the Universe is higher than the scale of the new physics, both φ NP and H are supposed to be trapped at the origins of their potential. As the temperature drops down to the scale of the new physics, the first order phase transition of the Higgs field may occur because the scale of the Higgs potential becomes the new physics one. We consider the standard model-like Higgs sector and some singlet extended models, and estimate the strength of GWs generated by this transition. Our setup is rather general and can be applied to many classes of new physics models.
In Sec. II, we introduce our setup and briefly sum up the effective potential. Then we show the thermal history of our scenario. The properties of GWs generated by first order phase transitions are also summarized. In Sec. III, we estimate the GWs generated by the phase transition of the Higgs field. We first consider a setup where the Higgs sector is just the standard model one. Even in such a case, a first order phase transition occurs due to the smallness of the quartic self coupling of the Higgs field at high temperature, though the amplitude of produced GWs is found to be below the observational sensitivities. Then we consider singlet extensions as an example of nontrivial Higgs sector. In this case we find that GWs with a detectable amplitude are produced during the phase transition. Sec. IV is devoted to conclusions.
scale that is needed to realize a correct electroweak scale at zero temperature. Note that the coefficient of |H| 2 must be fine-tuned if v NP ≫ δ EW , but we do not pursue the origin of this tuning. The last term V S denotes coupling between the standard model Higgs boson or φ NP and additional singlet real scalars S i (i = 1, 2, .., N S ). We take this form of V S as an example of a nontrivial Higgs sector. We neglect the mass terms for S i because heavy fields do not affect the effective potential of the Higgs field.
a We assume universal couplings λ SH and λ Sφ for simplicity.
In this setup, the first order phase transition of the Higgs field may occur as follows. When the temperature of the Universe is much higher than the new physics scale, φ NP is trapped at the origin due to the thermal effects. The effective potential for the Higgs field can be approximately written as
where V th (T, H) denotes the thermal potential and λ H (T ) indicates the coupling value at the temperature T . Note that, in this case, the Higgs field has a negative mass term that will trigger the phase transition of the Higgs field at a temperature around the new physics scale. In some parameter spaces, the transition becomes a first order one and the GWs are generated. In Sec. III, we consider the phase transition of the Higgs field in detail.
In the rest of this section, we explain the potential including thermal corrections and the thermal history of this model. Then we sum up the properties of GWs generated by the first order phase transition.
B. Higgs potential
When φ NP is trapped at the origin, the effective potential for the Higgs field at the one-loop level at T can be written as
a If the mass of S i is of the order of the temperature at the phase transition, the strength of produced GWs are affected by some factor. We do not consider such effects for simplicity.
where V CW denotes the Coleman-Weinberg potential,
with g 2 , g ′ , y t , being the weak gauge coupling, the hypercharge gauge coupling and top Yukawa coupling, respectively. Also, N S denotes the number of the real singlets. We omitted the contributions from φ NP and the Higgs boson. Throughout this paper, we set the renormalization scale µ to be the temperature at the phase transition. The thermal contribution V th (T, H) can be written as
where V daisy denotes so-called daisy subtraction [19] . We neglect the effects from the coupling λ Sφ by assuming λ Sφ < λ SH for simplicity. The Higgs-independent term c in Eq. (3) is introduced to set the symmetric minimum of the Higgs potential to have V = 0. This is just for the bounce calculation in later sections, and does not affect the dynamics of the model. 
C. Thermal history
Let us consider the thermal history of this model. At high temperature, both φ NP and H obtain the thermal masses, which we parametrize as y
The parameter y φ depends on the coupling of φ NP with other particles and therefore we treat it as a free parameter. On the other hand, y H is O(1) parameter depending on the standard model gauge couplings and Yukawa couplings. When the temperature of the Universe is high enough, both φ NP and H are trapped at the origins due to the thermal mass terms. At the origins with the temperature T , the effective masses of φ NP and H can be written as
From these expressions, we get the transition temperature of φ NP and H
From now on we consider the case with T PT H > T PT φNP . With this condition the phase transition of the Higgs field occurs first, which corresponds to the arrow labeled as "1" in Fig. 1 . As the temperature drops down further, the phase transition of φ NP occurs. This corresponds to the arrow labeled as "2" in the same figure. After this second phase transition the Higgs field is trapped at the origin again until the temperature drops to the electroweak scale. This final electroweak phase transition proceeds just in the same way as that in the standard model. Now let us consider the entropy injection caused by the secondary phase transition of φ NP , which might potentially significantly dilute GWs produced by the preceding phase transition of the Higgs field. After the phase transition of the Higgs field at T PT H , the Higgs field settles down to the temporal minimum |H| 2 ≃ λ 2 v 2 NP /λ H and φ NP = 0, denoted by the red circle between the two arrows in Fig. 1 . The effective mass of φ NP at the temporal minimum can be written as
We need ǫ 2 > 0 to ensure that the present electroweak symmetry breaking vacuum is the true vacuum. If this condition is satisfied, φ NP becomes tachyonic at the temperature
The phase transition of φ NP happens at around this temperature and the system relaxes to |φ NP | = v NP and H = 0 until the temperature drops down to the electroweak scale. We parametrize the ratio of the two phase transition temperatures as
On the other hand, the vacuum energy density of φ NP field, V φ , after the phase transition of H is given by
The energy ratio between the vacuum energy V φ and the radiation component ρ rad at the time of the phase transition of φ NP can be written as
where g * denotes the effective degrees of freedom of relativistic particles. If the condition ǫ < ∼ η 2 λ 2 /y 2 H is satisfied, ∆ exceeds one and the entropy injection due to the phase transition of φ NP is safely neglected. To summarize this subsection, the thermal history we consider is the following. The phase transition of the Higgs field occurs first, when the temperature of the Universe becomes T PT H . Then the phase transition of φ NP occurs at T = T PT φNP,H =0 . These phase transitions occur at a temperature much higher than the electroweak scale. After these transitions, the Higgs field settles down to the origin until the temperature becomes the electroweak scale. The final electroweak phase transition is just the same as in the standard model: it is a crossover transition, and hence no additional GWs are produced. Thus we consider GWs produced at T ≃ T PT H . This scenario is realized if T PT H > T PT φNP and ǫ 2 > 0 hold. Also, the entropy injection caused by the transition of φ NP can be neglected if ∆ > ∼ 1. We assume that these three conditions are satisfied throughout this paper.
D. First order phase transition and gravitational waves
In this subsection, we briefly summarize the properties of GWs produced by a first order phase transition.
In first order phase transitions, there are two main sources for GW production: bubble collisions and turbulence [10] .
c After bubbles are nucleated, they expand, storing more and more energy in their walls in the form of gradient and kinetic energy. This energy is converted to GW radiation when these bubbles collide and the spherical symmetry of each bubble is broken. On the other hand, bubbles induce turbulent bulk motion of the fluid, and this is known as another strong source for GWs.
The frequency and amplitude of GWs from these two sources take different values depending on the combustion mode of the bubble walls. Two different types of combustion are known, detonation and deflagration. The former occurs when the bubble front expands faster than the sound speed, and the bubble front is followed by the rarefaction front propagating with the sound speed. In this case a relatively large amplitude of GWs is expected from both bubble collision and turbulence, and we assume the transition occurs via this combustion mode in the following. On the other hand, when the speed of bubble walls is slower than the sound speed, the bubble front is preceded by the shock front. This is called deflagration, and the GW amplitude from bubble collisions is thought to be relatively suppressed in this case [10] . However, also in this case, turbulent motion of the fluid can be a source for GWs.
The most important parameters in determining the properties of the GW spectrum are the ones traditionally called α and β. The former is defined as the ratio of the latent heat density to the radiation energy density at the transition, and is given by
where T * and ǫ * are the temperature and latent heat density at the transition, respectively. The other quantity β is defined by the nucleation rate per unit volume
c However, see [32, 33] for sound waves after bubble collisions as another source. Here we simply consider the two sources explained in the main text.
We explain how to calculate α (especially ǫ * ) and β from the scalar potential in the next subsection. GW spectrum from first order phase transitions can be expressed in terms of these parameters. Both analytical and numerical calculations of the GW frequency and amplitude have been carried out in the literature [6, 7, 9, 10, 32-43].
Bubble collision
For GWs from bubble collisions, we refer to the expressions in [40] , which are applicable to detonation bubbles:
where H * and g * are the Hubble parameter and the effective degrees of freedom in the thermal bath at the phase transition, respectively, and h 0 is the reduced Hubble constant at present. Also, κ is the efficiency factor, the fraction of the latent heat which goes into kinetic energy of the fluid [10] 
In addition, ∆ andf * /β are given by ∆ = 0.11v
Here v b is the bubble wall velocity, which has the following expression in the strong phase transitions [44] 
Turbulence
For the GW spectrum from turbulence we refer to [10] f peak ≃ 2.6 v
d See Refs. [45, 46] for more discussion on the bubble wall velocity.
Here, v 0 is the typical velocity on the length scale v/β, the largest scale on which the turbulence is driven. In weak detonation limit v 0 ∼ (κα) 1/2 while in strong detonation limit v 0 ∼ 1, and therefore we simply use v 0 = Min[(κα) 1/2 , 1] in the following calculation.
E. Bounce calculation
Having explained the parameter dependence of the peak frequency and amplitude of the GW spectrum, we now illustrate how to calculate α and β from a given potential and how to determine the transition time (or temperature).
When the order parameter of the phase transition is a real scalar field, the nucleation rate per unit volume Γ is given by Γ = Γ 0 e −S , where S is the Euclidean action [47, 48] 
Here τ is the Euclidean time and Φ denotes the scalar field driving the transition. In finite temperature, the action must be periodic in T −1 and the action must be modified to be Γ = Γ 0 e −S3/T [49] where
In our setup Φ corresponds to the (real) Higgs field, and V in Eq. (32) is the same as Eq. (3). In order to calculate the profile of the scalar field at the bubble nucleation, one must find the O(3) symmetric solution of the equation of motion
where r denotes the variable in the radial direction, with the boundary conditions
This solution corresponds to the one where Φ rolls down the inverse potential −V from a point near the true vacuum to reach the symmetric false vacuum at r = ∞. Then the bounce action is calculated as
Since β =Γ/Γ at the transition from its definition, one has
In determining the other parameter α, one uses the expression for the latent heat density
Here V min (T ) is the temperature-dependent true minimum of the effective potential of the scalar field which drives the phase transition. Note that the true minimum of the potential must be set to zero by adding a constant at each time.
In addition, the transition temperature T * is evaluated by the condition [50] S 3 T T =T * = 137 + 4 log(100 GeV/T * ).
III. ESTIMATE OF GRAVITATIONAL WAVES
In this section, we estimate the strength of GWs generated by the first order phase transition of the Higgs field. We estimate the temperature-dependent bounce action S 3 (T ) by using the potential introduced in the previous section,
We evaluate λ H (T ) by using the two-loop renormalization group equation with the Higgs mass m h = 125.09 GeV [51, 52] and the top mass m t = 173.34 GeV [53] .
In the following, we first consider the situation where the Higgs sector consists of the standard model Higgs boson and φ NP , i.e., there are no additional singlet fields S i in Eq. (1) . In this case we see that the amplitude of produced GWs is too weak to detect. Then we consider singlet extensions as an example of the nontrivial Higgs sector. The singlet(s) have basically two effects on the strength of the Higgs phase transition: First, they change the shape of the Higgs thermal potential around the origin. Second, they change the running of the Higgs quartic coupling. We investigate these possibilities in the following.
A. Standard model-like Higgs sector
In this subsection, we consider the situation where the Higgs sector consists of the standard model Higgs boson and φ NP , i.e., there are no additional singlet fields S i . In this case, it depends on the Higgs quartic coupling λ H and the gauge couplings g whether the phase transition is the first order one or not. It is shown that the electroweak phase transition becomes first order if the Higgs mass is small enough, m h < ∼ 80 GeV [26] . Since the strength of the phase transition is determined by the combination λ H /g 2 , this implies that the first order phase transition of the Higgs field will occur for λ H /g 2 < ∼ 0.2 [26] . In our case, the phase transition occurs at high temperature of the new physics scale T ∼ φ NP where the quartic coupling λ H is much smaller than the value at the electroweak scale, and hence the condition λ H /g 2 < ∼ 0.2 can be easily realized.
For concreteness, we take the criteria of the first order phase transition as
which corresponds to the condition m h < ∼ 70 GeV at the electroweak scale. Then we estimate β/H * using the potential (3).
e Figure 2 shows the temperature dependence of λ H /g 2 while varying the top quark mass. It is seen that for T > ∼ 10 6 GeV, the condition λ H /g 2 < ∼ 0.18 is satisfied and the first order phase transition will occur. Figure 5 shows the peak position and amplitude of the GWs. The peak frequency is too high compared to the observable frequency ∼ 1 Hz; therefore we need the low frequency behavior to discuss observational possibilities. The exponent n f in the expression
is roughly n f,coll ≃ 2.6 − 2.8 for bubble collision (see, e.g., [40] ), though the behavior slightly differs in the literature. On the other hand, the exponent for turbulence e Strictly speaking, near the critical point (λ H /g 2 ∼ 0.18), the strength of the GWs is supposed to be suppressed compared to our simple estimation. For such a region, our calculation gives an upper bound of the GWs, which is already far below the observable strength. is n f,turb ≃ 2 − 3 [38, 54] . In any case, it is hard to detect the generated GWs even by the designed future experiments, e.g., Ω GW ∼ 10 −18 at the frequency ∼ 1 Hz for ultimate DECIGO [13] .
There are mainly three reasons for such a smallness of Ω GW at f ∼ O(1) Hz. First, the parameter β/H * becomes O(10 5 ) in this case. Larger β/H * makes the peak frequency higher and the energy fraction Ω GW lower. Second, there exists a lower limit on the phase transition temperature T * > ∼ 10 6 GeV for the first phase transition to take place as mentioned above, which also tends to make the peak frequency high. The last reason is the smallness of the parameter α.
If the Higgs sector is extended, the situation is changed and the detection possibility of GWs may be enhanced. In the next subsection, we consider the singlet extended Higgs sector as an example of such a new physics.
B. Singlet extension
In this section, we consider the singlet extended Higgs sector. In general, if the Higgs field couples to light scalar fields, the generated GWs become stronger due to the thermal effects. We consider the two situations depend- With additional singlets, the first order phase transition of the Higgs field can occur even below ∼ 10 6 GeV if λ H /λ 2 SH is small enough. In order to show the typical strength of the GWs, we fix the peak frequency at f peak = 1 Hz. Figures 6-7 show α and β/H * as a function of the number of singlets, respectively. Also, Fig. 8 shows the energy fraction Ω GW with f peak = 1 Hz. The blue, red and yellow lines correspond to the case with λ SH = 1, 1.5, 2, respectively.
f It is seen that for large enough N S > ∼ 20, Ω GW can become ∼ 10 −18 , which may be within the sensitivity of future experiments [13] . SH /16π 2 < ∼ O(1) and there are no interactions among S i s, the higher order corrections on the potential are not important. g The calculation of the strength of the GWs in singlet extensions is done in [55] [56] [57] [58] . In these studies, the strength of the GWs is more enhanced for the large N S and λ SH region. The difference comes from the treatment of the zero temperature potential. On the other hand, when φ NP is trapped at the origin at high temperature, the coupling λ SH affects the running of the couplings, especially λ H . At the one-loop level, the renormalization group equations become (see, e.g., [59] )
where β SM denotes the standard model contribution. Figure 9 shows the running of λ H with λ SH (black) and without λ SH (blue, red, and yellow). We set m 0 S = 10 7 GeV and N S = 4, and λ SH (m 0 S ) ≃ 1 is chosen so that the minimal value of λ H becomes 10 −2 , 10 −3 , 10 −4 in blue, red, and yellow lines, respectively. Note that the strength of the produced GWs becomes stronger for smaller λ H .
In order to see the typical situation where the GW amplitude is significantly enhanced, we assume that the phase transition occurs at the point where λ H takes its minimal value λ H,min , i.e. at after the transition becomes relatively large. In such a situation, the density of S i particles is supposed to be suppressed. This may cause subsequent transition of φ NP field because the thermal mass of φ NP becomes small. In such a situation, the strength of the GWs gets enhanced because the parameter α becomes larger. within a sensitivity of future experiments [13, 60] . Figure 13 shows the GW spectrum from bubble collisions for Ω GW (f peak ) = 10 −12 and 10 −14 with f peak = 1 Hz. Together shown is the sensitivity of the DECIGO. Note that there are huge foreground GWs from white dwarf binaries below ∼ 0.1 − 1 Hz [61] , but still GWs from the phase transition may be observable.
IV. CONCLUSIONS
In this paper, we have considered GWs generated by the first order phase transition of the Higgs field at some new physics scale. If the new physics contains scalar fields (φ NP ), the couplings between the standard model Higgs field and such scalars exist in general. These couplings can cause the first order phase transition of the Higgs field at the temperature of the Universe around the new physics scale, which is much higher than the weak scale. Hence the peak position of the GWs as well as their strength can take a broad range of values depending on the new physics scale.
We considered two types of models in the Higgs sector. In the first model we have only the standard model Higgs boson and φ NP . In this case we have seen that the generated GW is too weak to detect by designed future experiments. The second model contains additional singlet fields S i and we have shown that the detection of the GWs may be possible if the number of the singlets is O(10) or the self-quartic coupling of the Higgs field λ H is small enough < ∼ 0.01 due to the coupling of the Higgs boson with additional singlets.
As a final remark, in this paper we considered GWs associated with first order phase transition of the standard model Higgs field, which happens at a much higher scale than the weak scale. There are also possibilities that the phase transition of some other scalar fields that do or do not couple to the Higgs field is first order and generates GWs strong enough to be detected. Since the scale of phase transition of these fields need not be the electroweak scale, it may open up a new possibility for probing new physics through GW detection.
